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Abstract

The development of alcohol-free spirits with attractive sensory properties remains a major
challenge due to the absence of ethanol, which plays a key role in the extraction, sta-
bilization, and perception of aroma compounds. In this study, the aromatic profile of
dealcoholized gin (0.0% alcohol) was improved through post-production maceration with
raspberry (Rubus idaeus L.) and orange (Citrus sinensis L.), evaluating the effect of fruit type
and maceration time (7 and 14 days) on both volatile composition and sensory attributes.
Volatile compounds were analyzed by GC–MS, while sensory characterization was per-
formed using Quantitative Descriptive Analysis (QDA). Fruit type and maceration time
significantly affected the volatile composition and specific fruit-related sensory descrip-
tors, particularly orange and red fruit notes (p < 0.05), while traditional gin descriptors
remained comparatively stable. Orange promoted citrus-related notes, particularly after
short maceration times, whereas raspberry contributed to the development of red fruit
sensory notes, which were more clearly perceived after 14 days. Maceration time influenced
aroma development in a compound-dependent manner: shorter times favored the presence
of highly volatile terpenes, while longer maceration modified the sensory balance and
contributed to greater aroma integration, although some volatile compounds decreased
over time. The study demonstrates that controlled maceration with orange and raspberry is
an effective strategy for improving the aroma profile and sensory quality of dealcoholized
gin (0.0% alcohol).

Keywords: dealcoholized gin (0.0% alcohol); fruit maceration; volatile compounds; sensory
analysis; raspberry; orange

1. Introduction
The rapid expansion of the low and non-alcoholic beverage sector has stimulated exten-

sive research into the formulation and processing of alcohol-free spirits with complex and
authentic sensory profiles [1–3]. Among these products, non-alcoholic gins have attracted
particular attention due to their reliance on botanical-derived volatile compounds to recreate
the sensory identity of conventional gin while excluding ethanol. From both technological
and sensory perspectives, aroma represents the most critical quality attribute in these prod-
ucts, as ethanol normally plays a central role in dissolving, stabilizing, and modulating the
perception of volatile compounds [4–7].
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In traditional gin production, ethanol acts as an efficient solvent for terpenes, esters,
and other hydrophobic aroma compounds extracted from botanicals such as juniper, co-
riander, and citrus peels [8–10]. In non-alcoholic systems, the absence or near absence of
ethanol significantly alters extraction efficiency, partition coefficients, and aroma release
during consumption, leading to reduced aromatic intensity and complexity [4–7]. This
limitation is further supported by recent studies on flavor chemistry and aroma perception
in low- and non-alcoholic beverage matrices [1,2,6,7].

Since aroma development in plant-based beverage matrices depends not only on free
volatile compounds but also on non-volatile aroma precursors [11], maceration is a key unit
operation in the production of aromatized beverages, enabling the transfer of volatile and
semi-volatile compounds from plant matrices into a liquid phase via diffusion-driven mass
transfer [12–14]. From a process engineering standpoint, maceration efficiency is governed
by solvent polarity, plant matrix structure, temperature, and contact time [13,14]. Among
these variables, maceration time plays a fundamental role in determining extraction kinetics
and selectivity, influencing not only the concentration of desirable aroma compounds but
also the co-extraction of non-volatile components that may modulate aroma perception
through matrix interactions [12,13].

In this context, the use of fruits such as orange and raspberry represents a promising
strategy to enhance aroma complexity in non-alcoholic gin systems. Orange (Citrus sinensis)
is particularly relevant due to its high content of monoterpenes and oxygenated derivatives,
including limonene, citral, nerol, and linalool, which are associated with fresh, citric,
and floral sensory attributes [15–17]. These compounds, characterized by low sensory
thresholds and high volatility, are especially effective in compensating for the reduced
aroma release observed in ethanol-free matrices. Additionally, maceration with orange
peels or pulp provides a direct and efficient means to enrich the volatile fraction, enhancing
perceived freshness and the intensity of citrus and fresh aromatic notes associated with
highly volatile monoterpenes [15,17].

Conversely, raspberry (Rubus idaeus L.) contributes a distinct aromatic dimension
characterized by sweet, red fruit, and complex fruity notes, driven by compounds such
as raspberry ketone (frambinone), α- and β-ionone, linalool, and fruity esters [18–21]. In
contrast to citrus volatiles, raspberry-derived compounds tend to exhibit lower volatility
but greater persistence, contributing to aromatic depth, roundness, and complexity. Further-
more, raspberries contain phenolic compounds and organic acids that can influence aroma
perception indirectly through interactions with volatile compounds, affecting volatility and
release mechanisms [18–20].

Previous studies on fruit maceration and fruit-based beverages have shown that mac-
eration time exerts a non-linear effect on aroma development [12,13,22]. Short maceration
times favor the extraction of highly volatile, low-molecular-weight compounds associated
with fresh, fruity, and floral notes, whereas prolonged maceration promotes the extrac-
tion of less volatile phenolics and oxygenated compounds, potentially leading to reduced
freshness, increased astringency, and partial degradation of key aroma compounds due
to oxidation processes [13,22]. Although these phenomena have been widely described in
alcoholic systems such as wines and liqueurs, their behavior in non-alcoholic gin matrices
remains insufficiently characterized.

In alcohol-free systems, these effects are expected to be even more pronounced, as the
absence of ethanol reduces the solubility of hydrophobic compounds and modifies equi-
librium partitioning between phases [4–7]. As a consequence, aroma perception becomes
highly sensitive to processing variables, including maceration conditions and raw material
selection [1,2,6,7]. Despite the increasing commercial relevance of non-alcoholic spirits,
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systematic studies addressing aroma enhancement through fruit maceration, particularly
combining citrus and berry ingredients, are still scarce.

Although research on low- and non-alcoholic beverages has increased in recent years,
specific studies addressing aroma enhancement in dealcoholized gin (0.0% alcohol) through
fruit maceration remain scarce. Therefore, the present study draws on literature related
to aroma chemistry, fruit-derived volatile compounds, maceration processes, and sensory
analysis in botanical and fruit-based beverage matrices.

The objective of this study was to improve the aromatic profile of dealcoholized gin
(0.0% alcohol) through post-production maceration with raspberry and orange, assessing
the effect of fruit addition and maceration time (7 and 14 days) on both volatile composition
and sensory perception, in order to identify the conditions associated with desirable aroma
characteristics while preserving the typical juniper-based profile.

2. Material and Methods
2.1. Non-Alcoholic Gin Samples

A commercially available dealcoholized gin (0.0% alcohol) was selected as the base
matrix for this study. The product was purchased from a retail outlet in Spain and was
representative of commercially available alcohol-free gin products. The sample was ob-
tained in its original unopened bottle and stored under controlled conditions (ambient
temperature, protected from light) until experimentation. Prior to maceration, the sample
was equilibrated to room temperature and gently homogenized to ensure consistency.

2.2. Fruit Samples (Raspberry and Orange)

Fresh raspberries (Rubus idaeus L.) and oranges (Citrus sinensis L.) were used as the
maceration matrices. Both fruits were acquired from local commercial suppliers in Spain at
commercial maturity and selected based on visual uniformity, absence of physical damage,
and lack of visible spoilage.

Upon arrival at the laboratory, raspberries were manually sorted to remove defective
fruits and foreign material, while oranges were inspected and selected following the same
criteria. The raspberries were gently washed with potable water, drained, and blotted
dry using absorbent paper to remove excess surface moisture. Oranges were thoroughly
washed under running potable water, dried, and manually peeled. Only the edible portion
(pulp) was used for maceration in order to standardize the extraction process and to avoid
the incorporation of bitter compounds naturally present in the peel, such as limonoids and
flavonoids, which could negatively influence the sensory quality of the final product.

After preparation, both raspberries and oranges were used immediately for maceration
experiments to minimize enzymatic degradation, oxidation processes, and potential losses
of volatile compounds.

2.3. Maceration Process

Maceration experiments were carried out using raspberry (Rubus idaeus L.) and orange
(Citrus sinensis L.) as aroma-enhancing matrices in dealcoholized gin (0.0% alcohol). Fruit
addition was performed at a concentration of 10% (w/v), within the range commonly
reported for fruit maceration in beverage systems (5–15% w/v), which ensures efficient
extraction of volatile compounds while preventing excessive dilution and over-extraction
of non-volatile components that may negatively affect sensory attributes [12,13].

For each treatment, the appropriate amount of prepared fruit was added to the base
gin in airtight glass containers to minimize oxidation and volatile losses. In the case of
orange, only the pulp fraction was used in order to favor the extraction of citrus terpenes
and oxygenated compounds associated with fresh and citrus aromas, while minimizing the
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extraction of bitter peel-derived compounds that could adversely affect the sensory profile
of the final product.

Maceration was conducted at room temperature (20 ± 2 ◦C) under dark conditions
to prevent photodegradation of sensitive compounds. The selected maceration times
(7 and 14 days) were chosen to represent short and extended extraction periods commonly
reported in fruit maceration studies, allowing evaluation of the effect of extraction duration
on aroma development. Accordingly, 7 days was considered a short extraction period
favoring highly volatile compounds such as monoterpenes and esters, whereas 14 days
represented an extended extraction period expected to enhance the extraction of less volatile
compounds such as oxygenated terpenes and sesquiterpenes.

During the maceration period, samples were gently homogenized once per day by
manual agitation to ensure uniform mass transfer between the liquid phase and the fruit
matrix. After each maceration period, samples were filtered by gravity through qualitative
filter paper (Whatman No. 1, GE Healthcare, Buckinghamshire, UK) to remove fruit solids.
The filtered liquid phase was then stored under refrigeration (4 ◦C) in airtight containers
until analysis.

2.4. Volatile Compound Analysis

The volatile compounds present in the non-alcoholic gin samples were analyzed
according to the method proposed by Sánchez-Palomo et al. (2006) [23]. For each treatment,
two independent macerations were prepared under identical conditions and considered
as experimental replicates (n = 2). Each maceration replicate was independently extracted
and analyzed in duplicate by GC–MS in order to evaluate analytical repeatability. Thus,
four analytical determinations were obtained for each treatment; however, the independent
maceration replicate was considered the experimental unit for statistical interpretation.

Briefly, 100 mL of each sample was spiked with 40 µL of 4-nonanol (1 g/L) as an internal
standard and passed at a constant flow rate of 2 mL·min−1 through original LiChrolut® EN
SPE cartridges (500 mg sorbent, 6 mL reservoir volume; Merck KGaA, Darmstadt, Germany),
obtained from previously purchased sealed laboratory stock. The cartridges contained an
ethyl vinylbenzene-divinylbenzene polymeric sorbent and were previously conditioned ac-
cording to the manufacturer’s recommendations. After sample loading, retained hydrophilic
compounds were removed by washing the cartridges with Milli-Q water. Subsequently, the
free volatile compounds were eluted using 10 mL of dichloromethane. After elution with
10 mL of dichloromethane, the organic extract was dried over anhydrous sodium sulfate to
remove residual water, concentrated under a gentle stream of nitrogen to a final volume of
approximately 200 µL, and stored at −20 ◦C until chromatographic analysis.

Identification and quantification of volatile compounds were carried out using a
gas chromatograph (Agilent 6890N) coupled to a mass selective detector (Agilent 5973
Inert), equipped with a DB-Wax capillary column (60 m × 0.25 mm i.d. × 0.25 µm film
thickness) (J&W Scientific, Agilent Technologies, Santa Clara, CA, USA). Samples were
injected in splitless mode, with a splitless time of 0.5 min. Injector and transfer line
temperatures were set at 250 ◦C and 280 ◦C, respectively. Mass spectra were recorded
in full-scan mode over a mass range of 40–450 amu, with an ionization energy of 70 eV
under electron impact conditions. Helium was used as the carrier gas at a constant flow
rate of 1 mL·min−1. The oven temperature program was as follows: initial temperature
70 ◦C, held for 5 min, increased at 1 ◦C·min−1 to 95 ◦C (held for 10 min), followed by
an increase at 2 ◦C·min−1 to 190 ◦C, maintained for 40 min. Volatile compounds were
identified by comparing their retention times and mass spectra with those of authentic
reference standards when commercially available (Sigma-Aldrich and Fluka brands, Merck
KGaA, Darmstadt, Germany). When standards were not available, identification was based
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on comparison of mass spectra with data from commercial spectral libraries (Wiley and
NBS75K). Quantification was performed semi-quantitatively using the internal standard
method, assuming a response factor equal to one for all identified compounds.

2.5. Quantitative Descriptive Sensory Analysis (QDA)

According to the regulations of the University of Castilla-La Mancha (UCLM), sensory
descriptive analysis involving adult volunteers and non-invasive food evaluation does
not require prior approval by the Research Ethics Committee. All panelists participated
voluntarily and provided informed consent before the sensory evaluation. The study
was conducted in accordance with ethical standards, and the rights and privacy of all
participants were protected.

Sensory evaluation was conducted in a standardized tasting room compliant with
UNE-EN ISO 8589:2010 [24], with controlled temperature (20 ± 2 ◦C), neutral lighting, ade-
quate ventilation, and individual booths to minimize external interference. Eight women
and 5 men (aged 40 to 63 years old) of the Food Technology Area participated voluntarily
in the study and were selected and qualified according to UNE-EN ISO 8586:2014 [25]
criteria. During the training phase, panelists were first asked to freely generate descriptors
describing the sensory differences among non-alcoholic gins, with special emphasis on
aroma attributes; subsequently, through moderated consensus sessions, synonyms, he-
donic terms, and potentially confusing or ambiguous descriptors were eliminated, and a
final list of well-defined attributes representative of non-alcoholic gin aroma, flavor, and
mouthfeel was established in accordance with UNE-EN ISO 13299:2016 [26] guidelines.
Samples were prepared immediately before evaluation and served as 30 mL aliquots at
20 ± 1 ◦C in standardized clear tasting glasses, coded with random three-digit numbers
and presented following a balanced randomized design. Each attribute was evaluated
independently using a 10 cm unstructured linear scale, anchored on the left with “attribute
not perceptible” and on the right with “attribute clearly perceptible”; panelists marked
perceived intensity levels, which were subsequently converted into numerical values (0–10)
for statistical analysis.

2.6. Statistical Analysis

All experimental data, including volatile compound concentrations obtained by GC–MS
and sensory descriptor intensities from the QDA, were subjected to statistical evaluation
in order to assess the effects of fruit addition and maceration time. A two-way analysis of
variance (ANOVA) was performed considering fruit type (raspberry vs. orange) and macera-
tion time (7 and 14 days) as fixed factors, as well as their interaction. This approach allowed
the evaluation of the individual and combined influence of both variables on the chemical
and sensory profiles of the samples. For volatile compound data, each treatment included
two independent macerations and duplicate extraction/GC–MS analyses of each maceration.
The four determinations per treatment were used to describe combined experimental and
analytical variability. Since analytical duplicates are not fully independent experimental
units, the statistical results for volatile compounds should be interpreted as exploratory and
descriptive of the main trends associated with fruit type and maceration time.

In addition to univariate analysis, multivariate statistical analysis was applied to
explore relationships between samples, volatile compounds, and sensory attributes. A
principal component analysis (PCA) was performed using the combined matrix of volatile
and sensory variables after autoscaling (mean-centering and variance standardization).
Samples, volatile compounds and sensory descriptors were simultaneously projected in
the PCA biplot. This approach facilitated the identification of underlying patterns and
associations between chemical composition and sensory perception.
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All statistical analyses were conducted using IBM SPSS Statistics software (version
29.0, IBM Corp., Armonk, NY, USA).

3. Results and Discussion
3.1. Volatile Compounds

The mean concentrations (µg/L) and relative standard deviations of the volatile com-
pounds identified in the different studied gins are shown in Table 1. Values were calculated
from two independent maceration replicates, each analyzed in duplicate by extraction/GC–MS.
Analytical duplicates were used to assess repeatability, while independent macerations
were considered the experimental replicates for statistical interpretation. The results of
the two-way ANOVA are also included. In addition, the distribution of the main chemical
families is summarized in Figure 1A–D. Overall, the results highlight significant differ-
ences associated with both the type of fruit used for maceration and the duration of the
maceration process, indicating a clear influence of these factors on the aroma profile of
dealcoholized gin (0.0% alcohol), within the limitations of the experimental design.

Figure 1. Distribution of the main volatile chemical families in dealcoholized gin samples: control
(GIN00), raspberry macerated for 7 and 14 days (GIN R7 and GIN R14), and orange macerated
for 7 and 14 days (GIN O7 and GIN O14). (A) Total organic acids; (B) total monoterpene hydro-
carbons; (C) total sesquiterpenes; (D) total oxygenated terpenes. Values are expressed as mean
concentration (µg/L).

The dealcoholized gin (0.0% alcohol) (GIN00) exhibited a volatile profile dominated by
terpene compounds, particularly monoterpenes, oxygenated terpenes, and sesquiterpenes
(Figure 1B–D), which are characteristic of juniper and other traditional gin botanicals [8–10].
These families constitute the structural aromatic backbone of gin, contributing to resinous,
balsamic, citrus, and slightly spicy notes [8,10]. Moreover, oxygenated terpenes (Figure 1D)
represented a major fraction of the volatile composition, consistent with the presence of key
aroma-active compounds such as linalool, geraniol, and α-terpineol, which are associated
with floral and citrus nuances [8,15–18]. However, in the absence of ethanol, the overall
aromatic intensity and complexity may be reduced due to limitations in the solubility and
volatility of hydrophobic compounds [4–7].
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Table 1. Values are expressed as mean concentration (µg/L) and relative standard deviation of free volatile compounds identified in dealcoholized gin (0.0% alcohol)
(GIN 00), dealcoholized gin macerated with raspberry during 7 and 14 days (GIN R7 and GIN R14), and dealcoholized gin macerated with orange during 7 and
14 days (GIN O7 and GIN O14). For each treatment, two independent macerations were prepared, and each maceration replicate was extracted and analyzed
in duplicate by GC–MS. Analytical duplicates were used to estimate repeatability, while independent macerations were considered the experimental units for
statistical interpretation.

RI A Source Compound GIN00
Raspberry Orange ANOVA

GIN R7 GIN R14 GIN O7 GIN O14 Fruit (F) Time (T) F × T

1026 Sigmaaldrich α-Pinene 1.03 (2.53) 0.72 (4.42) n.d. - 1.85 (2.62) 0.34 (0.74) *** *** ***

1148 Sigmaaldrich γ-Terpinene 1.56 (1.29) 1.25 (1.89) 0.10 (5.70) 2.34 (3.81) 0.68 (2.26) *** *** ***

1152 Sigmaaldrich 3-Carene 0.14 (4.41) 0.12 (6.31) 0.02 (5.77) 0.22 (2.19) 0.06 (0.26) *** *** ***

1250 Sigmaaldrich β-Cymene 0.80 (2.84) 0.86 (2.40) 0.16 (0.18) 1.27 (4.93) 0.44 (3.11) *** *** **

1288 Sigmaaldrich α-Terpinolene 0.95 (2.15) 0.75 (2.67) 0.06 (6.92) 1.40 (4.87) 0.41 (3.30) *** *** **

1338 tentatively identified (Z)-Rose oxide n.d. - 0.01 (4.51) 0.01 (1.56) 0.01 (6.03) 0.01 (1.93) n.s. *** n.s.

1368 Sigmaaldrich 1-Hexanol n.d. - 0.04 (4.33) 0.01 (4.13) 0.02 (2.88) 0.01 (1.83) *** *** ***

1382 Sigmaaldrich (Z)-3-Hexen-1-ol n.d. - 0.08 (5.88) 0.02 (2.54) n.d. - n.d. - *** *** ***

1483 Sigmaaldrich Thujone 0.01 (5.11) 0.04 (2.44) 0.01 (5.55) 0.03 (0.94) 0.02 (0.27) * *** ***

1466 Sigmaaldrich (Z)-Furan linalool oxide 0.04 (1.11) 0.32 (1.10) 0.16 (0.27) 0.19 (4.13) 0.18 (0.53) *** *** ***

1435 Fluka Acetic acid n.d. (3.72) 0.04 (5.24) 0.01 (5.89) 0.45 (6.37) 1.17 (2.03) *** *** ***

1463 tentatively identified Fenchyl acetate 0.01 (6.39) n.d. - n.d. - 0.02 (6.87) 0.01 (3.21) *** ** **

1502 Sigmaaldrich α-Copaene 0.08 (0.18) 0.13 (0.49) n.d. - 0.38 (2.83) 0.26 (5.06) *** *** n.s.

1518 Sigmaaldrich Camphor 0.91 (1.98) 5.26 (1.32) 2.50 (2.26) 4.36 (0.69) 3.17 (0.14) * *** ***

1535 Sigmaaldrich (E)-α-Elemene 0.04 (1.02) 0.11 (7.11) n.d. - 0.16 (0.24) 0.09 (5.12) *** *** **

1552 Sigmaaldrich Linalool 8.01 (4.68) 50.77 (0.16) 22.43 (2.34) 48.02 (0.77) 29.29 (6.62) *** *** **

1561 tentatively identified (E)-p-Menth-2-en-1-ol 0.19 (0.37) 0.97 (0.58) 0.40 (3.11) 1.00 (0.60) 0.58 (1.24) n.s. *** ***

1563 Sigmaaldrich (E)-β-Elemene 0.03 (3.31) 0.03 (2.04) n.d. - 0.08 (0.02) 0.03 (5.04) *** *** ***

1567 Sigmaaldrich Endobornyl acetate 0.20 (2.37) 0.46 (2.55) 0.15 (5.90) 0.64 (0.60) 0.34 (1.91) *** *** n.s.

1576 Sigmaaldrich (Z)-β-Elemene 1.36 (2.24) 2.75 (1.03) 0.66 (1.48) 5.08 (0.05) 2.56 (0.67) *** *** ***

1591 Sigmaaldrich (E)-β-Caryophyllene 1.02 (3.84) 1.32 (1.83) 0.05 (5.73) 3.45 (1.27) 1.77 (0.04) *** *** ***

1593 Sigmaaldrich (E)-p-Menth-1-en-4-ol 4.27 (4.11) 27.37 (1.99) 11.91 (4.15) 24.02 (0.48) 14.89 (2.22) n.s. *** ***
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Table 1. Cont.

RI A Source Compound GIN00
Raspberry Orange ANOVA

GIN R7 GIN R14 GIN O7 GIN O14 Fruit (F) Time (T) F × T

1618 Sigmaaldrich Myrcenol 0.04 (0.41) 0.14 (4.65) 0.07 (6.30) 0.12 (4.79) 0.12 (3.64) ** *** ***

1553 Fluka (Z)-p-Menth-2-en-1-ol 0.14 (2.20) 0.79 (5.67) 0.31 (1.95) 0.76 (0.01) 0.45 (2.87) * *** **

1602 tentatively identified σ-Cadinene 0.06 (4.95) 0.16 (5.50) n.d. - 0.27 (2.12) 0.14 (5.23) *** *** **

1629 Sigmaaldrich (E)-Pinocarveol n.d. - n.d. - 0.05 (5.79) n.d. - n.d. - *** *** ***

1652 Sigmaaldrich γ-Cadinene 0.24 (4.44) 0.32 (1.71) n.d. - 0.82 (1.21) 0.43 (3.26) *** *** **

1662 Sigmaaldrich α-Humulene 1.06 (5.77) 1.16 (2.16) 0.06 (2.98) 3.40 (1.51) 1.43 (1.67) *** *** ***

1671 Fluka Citronellyl acetate 0.05 (5.41) n.d. - n.d. - 0.13 (5.27) 0.07 (4.80) *** *** ***

1676 Sigmaaldrich γ-Muurolene 0.31 (4.59) 0.39 (5.20) 0.02 (5.81) 1.05 (1.78) 0.76 (2.62) *** *** **

1679 tentatively identified α-Terpineol 4.67 (4.58) 28.87 (3.40) 12.02 (5.38) 24.76 (1.46) 15.45 (0.60) n.s. *** ***

1692 Sigmaaldrich Borneol 0.21 (6.24) 1.12 (3.01) 0.57 (1.18) 1.03 (0.46) 0.31 (0.71) *** *** **

1715 tentatively identified δ-Cadinene 0.05 (1.90) 0.08 (5.04) n.d. - 0.27 (0.24) 0.21 (3.72) *** *** **

1720 Sigmaaldrich γ-Selinene 0.09 (3.10) 0.08 (2.80) n.d. - 0.31 (3.10) 0.17 (3.30) *** *** ***

1745 Sigmaaldrich (Z)-Carveol n.d. - 0.02 (4.96) 0.01 (2.18) 0.02 (4.65) 0.01 (5.71) ** *** **

1780 tentatively identified α-Cadinene 0.04 (4.75) 0.05 (1.06) n.d. - 0.13 (4.76) 0.07 (5.17) *** *** n.s.

1790 Sigmaaldrich Nerol 0.16 (4.97) 0.88 (4.82) 0.34 (5.99) 0.82 (1.55) 0.51 (4.90) * *** **

1802 tentatively identified L-Calamenene 0.03 (5.15) 0.03 (6.17) n.d. - 0.08 (4.94) 0.03 (5.12) *** *** **

1842 tentatively identified Dihydro-β-ionone n.d. - 0.03 (1.00) 0.01 (5.58) n.d. - n.d. - *** *** ***

1857 Sigmaaldrich (E)-Carveol 0.01 (1.11) 0.09 (2.27) 0.03 (5.31) 0.06 (5.56) 0.03 (6.69) *** *** ***

1861 Fluka Hexanoic acid n.d. - 0.20 (5.25) 0.09 (3.98) 0.05 (3.68) 0.04 (3.77) *** *** ***

1870 Sigmaaldrich (E)-Geraniol 0.75 (2.66) 4.98 (5.70) 2.08 (6.27) 4.11 (3.39) 2.50 (2.17) n.s. *** **

1885 Sigmaaldrich Benzyl alcohol n.d. - 0.10 (4.23) 0.04 (6.08) 0.09 (4.62) 0.05 (4.07) n.s. *** **

1967 tentatively identified 2,6-Dimethyl-3,7-octadien-2,6-diol 0.01 (0.28) 0.06 (1.25) 0.05 (4.62) 0.07 (5.18) 0.04 (1.16) ** *** **

2085 tentatively identified Viridiflorol 0.23 (4.05) 0.43 (0.65) 0.10 (4.50) 0.46 (4.58) 0.25 (2.30) *** *** ***

2100 Sigma-Aldrich α-Cedrol 0.16 (6.29) 0.23 (6.18) 0.05 (2.92) 0.30 (6.35) 0.16 (5.83) *** *** *

2110 tentatively identified Spathulenol 0.07 (4.57) 0.20 (4.24) 0.08 (0.55) 0.21 (3.70) 0.12 (2.69) ** *** **
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Table 1. Cont.

RI A Source Compound GIN00
Raspberry Orange ANOVA

GIN R7 GIN R14 GIN O7 GIN O14 Fruit (F) Time (T) F × T

2150 Sigmaaldrich Sorbic acid 15.92 (6.27) 118.82 (1.67) 58.39 (1.53) 96.43 (5.66) 70.31 (5.08) n.s. *** ***

2166 Sigmaaldrich Thymol 0.09 (2.90) 0.32 (0.10) 0.04 (5.75) 0.10 (0.85) 0.11 (2.83) *** *** **

2451 Fluka Benzoic acid 44.63 (5.88) 200.27 (3.34) 86.68 (4.60) 165.96 (6.85) 103.81 (1.99) n.s. *** ***

2829 Fluka Zingerone n.d. - 0.47 (3.85) 0.16 (8.98) n.d. - 0.07 (0.11) *** *** ***

3000 Sigmaaldrich Raspberry ketone n.d. - 0.65 (6.28) 0.26 (1.59) n.d. - n.d. - *** *** ***
A RI: linear retention index on a DB-WAX capillary column; n.d.: not detected. *, ** and *** indicate significant effects at p < 0.05, p < 0.01 and p < 0.001, respectively, according to ANOVA;
n.s.: non-significant differences among samples.
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Organic acids (Figure 1A) were also present in relatively high concentrations, especially
benzoic and sorbic acids, which may influence aroma perception by modifying volatility
and matrix interactions, as previously reported in alcohol-free systems [4,6,7].

The results indicate that the effect of fruit type and maceration time cannot be in-
terpreted independently, as both factors interact strongly to determine the final volatile
composition of the dealcoholized gin (0.0% alcohol) (Table 1). The significant interaction
term (F × T) indicates that the extraction kinetics and aroma development were depen-
dent on the botanical matrix, a behavior previously reported in fruit-based maceration
systems [12,13].

In the case of orange maceration, the volatile profile was characterized by a rapid
extraction of monoterpenes (Figure 1B), particularly at 7 days, where the highest total
concentration for this family was observed. However, increasing maceration time to 14 days
resulted in a decrease in total monoterpenes, suggesting volatilization losses, oxidation, or
transformation processes. This behavior is consistent with the high volatility and reactivity
of citrus terpenes, which are typically extracted rapidly and may decline over prolonged
maceration or maturation [15–17].

Conversely, raspberry maceration showed a different sensory evolution. Although
several raspberry-related volatile compounds and oxygenated terpenes were detected at
higher concentrations after 7 days, the red fruit descriptor was more clearly perceived after
14 days. This suggests that the sensory expression of raspberry aroma was not exclusively
determined by the concentration of individual marker compounds but also by the overall
balance among volatile compounds, matrix interactions, and possible changes in aroma
release during maceration [18–20].

A similar trend was observed for sesquiterpenes (Figure 1C), which increased notably
with maceration time, especially in orange samples at 14 days. This suggests that extended
maceration promotes the extraction or relative enrichment of less volatile compounds that
contribute to balsamic, woody, and structural notes, reinforcing the aromatic backbone
of gin; similar process-dependent behavior of less volatile terpenoid fractions has been
described in gin production [9].

Additionally, total organic acids (Figure 1A) showed a strong increase with maceration
time in both fruit matrices, particularly in raspberry samples at 7 days, where the highest
values were observed. Although these compounds can contribute to complexity, excessive
accumulation may reduce aroma perception by decreasing volatility and enhancing matrix
effects, as previously described [6,7,12].

These results suggest that the most suitable maceration strategy depends on the
desired sensory outcome. Orange maceration appears more suitable for short extraction
times when fresh and citrus notes are desired, whereas raspberry maceration may benefit
from longer contact times to enhance the perception of red fruit notes, despite the decrease
observed in some individual volatile compounds.

3.2. Sensory Profile

Table 2 presents the mean values and standard deviations of the scores assigned by the
panelists to each sensory attribute describing the aroma profile of the gin samples under
study, together with the results of the two-way analysis of variance (ANOVA). In addition,
the overall sensory profiles are visualized using a spider plot (Figure 2), which allows a
clearer comparison of the effect of fruit type and maceration time on aroma perception.

The sensory profile of dealcoholized gin (0.0% alcohol) samples, characterized by
juniper, citric, coriander, aniseed, floral, fruity, and licorice descriptors, is consistent with
the typical sensory vocabulary reported for gin in the literature. Sensory and compositional
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studies on gin indicate that descriptors such as juniper, citrus, aniseed, spice, and licorice
are closely related to the botanical-derived volatile profile of gin products [8,10,27–29].

Table 2. Olfactory profile of dealcoholized gin (0.0% alcohol) (GIN00), dealcoholized gin macerated
with raspberry for 7 and 14 days (GIN R7 and GIN R14), and dealcoholized gin macerated with
orange for 7 and 14 days (GIN O7 and GIN O14). Values correspond to mean scores of 13 trained
assessors and standard deviations from duplicate sensory evaluation sessions.

GIN00
Raspberry Orange ANOVA

GIN R7 GIN R14 GIN O7 GIN O14 Fruit (F) Time (T) F × T

Juniper 3.65 (0.21) 3.80 (0.42) 3.85 (0.92) 3.80 (0.42) 4.40 (0.14) n.s. n.s. n.s.
Citric 4.23 (0.81) 4.73 (0.11) 5.23 (0.81) 5.23 (0.60) 4.98 (0.46) n.s. n.s. n.s.

Coriander 5.97 (0.47) 6.47 (0.24) 6.97 (0.47) 6.77 (0.18) 7.02 (0.40) n.s. n.s. n.s.
Aniseed 5.44 (0.77) 4.94 (0.06) 5.44 (0.77) 4.44 (0.64) 4.64 (0.49) n.s. n.s. n.s.

Floral 3.94 (0.10) 4.44 (0.61) 4.94 (0.10) 4.59 (0.40) 4.89 (0.17) n.s. n.s. n.s.
Fruity 5.74 (0.40) 6.24 (0.31) 6.54 (0.11) 6.14 (0.17) 6.44 (0.25) n.s. n.s. n.s.

Licorice 4.99 (0.16) 5.49 (0.54) 5.99 (0.16) 5.34 (0.33) 5.74 (0.52) n.s. n.s. n.s.
Eucalyptus 3.83 (0.25) 4.33 (0.45) 4.83 (0.25) 4.18 (0.24) 4.58 (0.61) n.s. n.s. n.s.

Orange 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 3.66 (0.14) 5.66 (0.14) *** *** ***
Red fruit 0.00 (0.00) 3.17 (0.74) 5.95 (0.71) 0.00 (0.00) 0.00 (0.00) *** *** ***

*** indicate significant effects at p < 0.001, according to ANOVA; n.s.: non-significant differences among samples.

Figure 2. Spider plot showing the sensory profile of dealcoholized gin samples: control (GIN00),
raspberry macerated for 7 and 14 days (GIN R7 and GIN R14), and orange macerated for 7 and
14 days (GIN O7 and GIN O14). The radial axes represent the mean intensity scores assigned by the
panel for each sensory descriptor.

The dominance of juniper-related attributes is a defining feature of gin, as juniper
berries are the mandatory botanical in its production and contribute significantly to the
characteristic aroma of the spirit. These sensory perceptions are mainly associated with
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monoterpenes such as α-pinene and β-pinene, which provide piney, resinous, and balsamic
notes typical of the gin base [8,10,27].

The presence of citric and floral descriptors is also widely reported in gin sensory profiles
and is linked to the occurrence of oxygenated monoterpenes such as limonene, linalool, and
geraniol, which are derived from citrus peels and botanicals such as coriander seeds. In
particular, linalool has been identified as one of the key aroma-active compounds in gin with
high odor activity values, strongly contributing to floral and citrus perceptions [8,27,29].

The coriander and spicy notes frequently reported in gin are associated with terpene
alcohols (linalool, terpinen-4-ol) and aldehydes, which contribute to complex citrus-spicy
nuances. Similarly, aniseed and licorice descriptors are linked to phenylpropanoid com-
pounds such as anethole or estragole, as well as to sesquiterpenes that provide sweet and
balsamic character [8,27].

Regarding fruity and floral notes, these are typically related to the presence of esters,
C13-norisoprenoids, and oxygenated terpenes, which contribute to sweet, ripe fruit and
aromatic complexity in gin and other botanical beverages. In fruit-enhanced or modern
gins, these descriptors become more prominent due to the addition of botanicals or fruits
rich in aroma-active compounds [8,18–20,27].

The combined effect of fruit maceration (orange vs. raspberry) and maceration time
(7 vs. 14 days) on the sensory profile reveals a clear modulation of aroma attributes, which
is clearly visualized in the spider plot (Figure 2). Although ANOVA results indicate a lack
of statistically significant differences (n.s.) for most traditional gin descriptors, a consistent
pattern can be observed when considering the global sensory profiles.

In general, maceration with both fruits led to a progressive increase in some fruit-
related sensory notes with increasing time, particularly evident when comparing GIN00
with the 14-day samples. This trend should be interpreted as a sensory integration effect
rather than as a uniform increase in all individual volatile compounds, since several highly
volatile compounds decreased after prolonged maceration. Thus, the overall expansion
of the sensory profiles observed in Figure 2 reflects the combined effect of compound
extraction, aroma balance, and matrix interactions over time [4,6,7].

When comparing fruit types, orange maceration clearly reinforced orange-related
sensory notes. Although some citrus-related volatile compounds were more abundant after
7 days, the orange descriptor reached its highest intensity after 14 days. This suggests that
the perceived orange aroma was influenced not only by the concentration of highly volatile
monoterpenes but also by the overall sensory balance and possible aroma integration
during maceration [15–17].

In contrast, raspberry maceration contributed more markedly to fruity, floral, and
red fruit attributes, especially at 14 days, where a clear expansion of these descriptors is
observed in the spider plot (Figure 2). This evolution is consistent with the importance
of raspberry-specific volatiles and norisoprenoids, although the sensory expression of
raspberry aroma appears to depend on the balance among compounds rather than on the
concentration of individual markers alone [18–20].

Interestingly, descriptors associated with the structural character of gin (juniper, co-
riander, licorice) remain relatively stable across samples, as reflected by their similar relative
intensities in Figure 2. This indicates that fruit maceration does not mask but rather comple-
ments the botanical base. This stability is consistent with the persistence of sesquiterpenes
observed in Figure 1C, which contribute to the structural aromatic backbone of the gin.

3.3. Multivariate Characterization of Gin Aroma Based on Volatile and Sensory Data

In order to better interpret the complex relationships between chemical composition
and sensory perception, Principal Component Analysis (PCA) was applied to the combined
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dataset of volatile compounds (Table 1) and sensory attributes (Table 2). Multivariate
approaches are widely used for the characterization of aroma profiles and relationships
between chemical and sensory variables in beverages [30]. The use of PCA allowed a
substantial reduction in data dimensionality and provided a more intuitive and visual rep-
resentation of the main patterns of variation among samples. Specifically, this multivariate
approach helped identify the volatile compounds and sensory descriptors most associated
with sample differentiation, as well as the relationships between them. By projecting both
variables (compounds and attributes) and samples onto the same bidimensional space,
PCA facilitated the interpretation of how fruit type and maceration time influence aroma
formation, highlighting the compounds driving citrus, floral, or fruity notes and their
contribution to the overall sensory profile.

The two-dimensional model explains a large proportion of the total variability, with
PC1 accounting for 51.4% and PC2 for 28.6% of the variance, resulting in a cumulative
explanation of approximately 80.0% of the total variance.

Figure 3 shows the simultaneous projection of the gin samples under study, the volatile
compounds with loading coefficients higher than 0.8, and the sensory descriptors on the
plane defined by the first two principal components. The distribution of samples in the
PCA space shows a clear separation driven by both fruit type and maceration time, in
agreement with the results obtained for volatile compounds and sensory descriptors. The
samples are primarily separated along PC2, which reflects the contrast between citrus-
dominated profiles (orange) and fruit-driven profiles (raspberry), while PC1 represents the
balance between fresh terpene-related attributes and heavier or more complex compounds
extracted over time.

Figure 3. Simultaneous projection of the studied gin samples, volatile compounds, and sensory
attributes on the plane defined by the first two principal components. Dealcoholized gin (0.0%
alcohol) samples: control (GIN00), raspberry macerated for 7 and 14 days (GIN R7 and GIN R14), and
orange macerated for 7 and 14 days (GIN O7 and GIN O14). Black squares represent samples, black
triangles represent sensory attributes, and the remaining labels correspond to volatile compounds.
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The control sample GIN00 is positioned in a relatively central and negative region of
PC1, indicating a more neutral aromatic profile dominated by the botanical gin base, as
previously described. This position is consistent with its volatile composition, characterized
by moderate levels of monoterpenes, linalool, α-terpineol and sesquiterpenes, and cadinene
derivatives, and with its sensory profile, where descriptors such as juniper, coriander and
licorice are present but without strong citrus or fruit-related notes.

A clear separation of samples along PC2 reflects the influence of fruit type. Orange-
treated samples (GIN O) are located in the positive region of PC2, associated with high
loadings of monoterpene hydrocarbons and oxygenated terpenes, such as γ-terpinene, α-
terpinolene, linalool, and α-terpineol, compounds commonly associated with gin botanical
profiles and process-dependent volatile evolution [8,9]. These compounds are directly
linked to sensory descriptors such as citric, floral, and orange, which show higher values in
these samples. This supports the interpretation that orange maceration shifts the samples
toward a fresh, citrus-dominated aromatic space.

In contrast, raspberry-treated samples (GIN R) are located in the negative region of
PC2, associated with compounds such as raspberry ketone, zingerone, and dihydro-β-
ionone, which are characteristic of berry aroma [18–20]. These compounds correspond to
the strong appearance of the “red fruit” descriptor, which is exclusively present in raspberry
samples and increases with time. This pattern suggests that raspberry-macerated samples
were associated with a fruitier, sweeter, and more complex aromatic region.

The effect of maceration time was also evident, although its interpretation differed
between chemical and sensory variables. In general, 7-day samples were associated with
higher concentrations of several highly volatile compounds and specific aroma markers,
whereas 14-day samples showed a sensory profile that appeared more integrated and, in
some cases, more strongly associated with fruit-related descriptors.

For raspberry samples, GIN R7 showed higher concentrations of some raspberry-
related volatile markers, including raspberry ketone, zingerone, and dihydro-β-ionone.
Nevertheless, the red fruit descriptor increased after 14 days, suggesting that longer macer-
ation favored the sensory expression or integration of raspberry aroma, even though some
individual marker compounds decreased in concentration [18–20].

4. Limitations
While this study provides valuable insights into the influence of fruit maceration on

the volatile and sensory profile of dealcoholized gin (0.0% alcohol), several aspects should
be considered when interpreting the results. First, the experimental design was limited
to two fruit matrices, orange and raspberry, and two maceration times, 7 and 14 days.
Therefore, the present study should be considered as an initial comparative approach rather
than a full optimization study. Further research, including additional fruit types, different
fruit concentrations, intermediate and longer maceration times, storage conditions, and
processing variables such as temperature, should be carried out. In this context, factorial
experimental designs or Response Surface Methodology would be useful to define suitable
processing conditions for aroma enhancement in dealcoholized gin (0.0% alcohol).

The study was conducted using specific raw materials, raspberry and orange, whose
chemical composition may vary depending on cultivar, origin, ripeness, and processing
conditions. Therefore, the extraction patterns and aroma profiles observed in this work
may differ when other fruit varieties, batches, or growing conditions are used.

Additionally, although the analysis focused on the quantification of a wide range
of volatile compounds and their grouping into chemical families, not all aroma-active
compounds were evaluated in terms of odor activity values. Consequently, the relative
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contribution of individual compounds to the overall aroma perception was inferred from
their concentration and previous literature rather than directly quantified.

The chemical characterization was focused on volatile compounds related to aroma.
Other relevant product parameters, including color stability, phenolic composition, antioxi-
dant capacity, pH, titratable acidity, soluble solids, and density, were not determined. These
analyses should be included in future studies to obtain a more complete characterization of
fruit-macerated dealcoholized gin (0.0% alcohol).

Another limitation concerns the sensory analysis, which, although useful for describ-
ing global aroma trends, was performed using a trained panel under controlled conditions
and may not fully reflect consumer perception. Moreover, the lack of statistically significant
differences in several descriptors suggests that subtle sensory variations may not have been
fully captured by the panel size or evaluation scale. Future studies should therefore include
consumer acceptance tests in addition to descriptive sensory analysis.

The samples were evaluated immediately after maceration, and no storage study was
performed. Consequently, short- and medium-term stability studies are necessary to assess
the evolution of volatile composition and sensory attributes during storage, as well as the
persistence of the aroma improvements observed after maceration.

In addition, the interaction between volatile compounds and the dealcoholized matrix
may differ from that occurring in traditional alcoholic gin. Since ethanol significantly affects
the solubility, volatility, and perception of aroma compounds, the behavior of these com-
pounds in alcohol-free systems may not be directly comparable to conventional products.

Finally, this study was conducted at a laboratory scale under controlled maceration
conditions. Therefore, the extraction kinetics and compositional changes observed may
differ under industrial production conditions. Additional studies addressing process
economics, industrial scalability, microbiological stability, and shelf-life evaluation will be
required before the proposed approach can be implemented at an industrial level.

5. Conclusions
The results obtained in this study provide comprehensive insight into the potential of

fruit maceration as a strategy to enhance the aromatic profile of dealcoholized gin (0.0%
alcohol). Both fruit type and maceration time played a key role in defining the final volatile
and sensory characteristics of the samples. Orange maceration enhanced fresh and citrus
notes, particularly after short maceration times, whereas raspberry contributed to fruity
complexity and aromatic depth, especially after longer maceration. These findings highlight
fruit maceration as a simple and effective approach to improving the aroma profile and
sensory quality of dealcoholized gin (0.0% alcohol), while allowing modulation of its aroma
according to the desired product profile. Further studies, including additional fruits, fruit
concentrations, intermediate and longer maceration times, storage conditions, and factorial
experimental designs or Response Surface Methodology, would be useful to define suitable
processing conditions for aroma enhancement in dealcoholized gin (0.0% alcohol).
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